Abstract. Cancer stem cells (CSCs) are a small proportion of tumor cells that may be responsible for tumor metastasis and recurrence. Our recent research indicated that longikaurin A (LK-A) exhibited anti-tumor activity in nasopharyngeal carcinoma (NPC) both in vitro and in vivo. Here, we further investigated whether LK-A could suppress the stemness of NPC cells. Sphere formation assay was used to assess the self-renewal ability of the cells treated with LK-A. Side population (SP) was determined by flow cytometry to measure the influence of LK-A on NPC SPs. The expression of the c-myc and fibronectin was detected by western blotting. The cytotoxicity of LK-A in combination with cisplatin to NPC cells was determined by MTT assay. Colony formation assay was used to verify whether LK-A could sensitize NPC cells to radiation and reverse the radiotherapy resistance. In the present study, we found that LK-A reduced the number and size of spheroid formation and decreased the SP cell percentage of the S18 cell line at a low concentration. Furthermore, LK-A treatment downregulated the expression of c-myc and fibronectin in NPC cell lines. Moreover, LK-A could significantly enhance the chemotherapeutic and radiotherapeutic sensitivity of NPC cell lines and reverse acquired radiotherapy resistance of Sune2-IR. Our data revealed that LK-A could suppress the stemness of NPC cells and may enhance the efficacy of radiotherapy and chemotherapy.
Introduction
Nasopharyngeal carcinoma (NPC) is one of the most common malignant tumors in South China (1) . In 2010, an estimated 41,503 new cases and 20,058 deaths were attributed to NPC in China, accounting for 1.03% of all cancer-related deaths that year in China (2) . Among the head and neck tumors, NPC has the highest propensity to metastasize to distant sites (3) . Although the standard treatment has improved the local control rate for NPC from 54 to 78%, regional recurrences occur in 10-19% of patients (4) . Most of the regional recurrences are due to the metastasis and therapy resistance (1) . It has been proved that cancer stem cells (CSCs) play a major role in tumor recurrence, metastasis and therapy resistance (5) .
The CSC hypothesis proposes that a small subset of cancer cells has the properties of self-renewal, differentiation and resistance to chemotherapy or radiotherapy (6) . Although the CSCs possess the capacity to form the heterogeneous lineages of cancer cells that comprise the tumor (6) , the methods to divide the CSCs from normal cancer cells have not been developed. However, previous studies showed that CSCs expressed one or several surface markers, including cluster of differentiation (CD) 24 (7), CD44 (8) , aldehyde dehydrogenase 1 (9) and CD133 (10) , in particular human cancers. However, there is not a reliable CSC marker in NPC cells, and the side population (SP) phenotype can be a marker of CSCs (11) and gastrointestinal cancer (12) . Therefore, effective compounds that target NPC CSCs may be helpful in clinical therapy.
Several studies have revealed that nigericin (13) , and Smac mimetics in combination with TNF-related apoptosis-inducing ligand (14) could target NPC CSCs. Longikaurin A (LK-A) is a natural ent-kaurene diterpenoid extracted from the Isodon genus whose anti-tumor activity has been verified (15, 16) . According to our previous research, at a low concentration, LK-A could inhibit the colony formation ability of NPC cells (15) . In addition, LK-A exhibits anti-tumor activity in CNE2 xenograft tumor models (15 
Materials and methods
Chemicals and antibodies. We used a previously described method to obtain LK-A from the leaves of Isodon ternifolius (D. Don) Kudô (15) . Briefly, the dried and milled plant material (10 kg) was extracted four times by incubation with 100 l of 70% aqueous Me 2 CO for 3 days at room temperature and then filtered. The filtrate was evaporated under reduced pressure, and partitioned with ethyl acetate (EtOAc) (4x60 l). The EtOAc partition (938.5 g) was applied to a silica gel (200-300 mesh), and six fractions, termed A-F, were eluted with CHCl 3 -Me 2 CO (1:0-0:1). Fraction B (618.5 g) was decolorized on an MCI ® GEL and eluted with 90% methanol-H 2 O to yield fractions B1-B4. Fractions B1 (116 g) and B2 (135 g) were further separated by repeated silica gel column chromatography to isolate LK-A (20 g). The LK-A powder was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 50 mM and then stored at -20˚C. Before each experiment, we would freshly dilute the LK-A in medium to achieve the working concentrations in this study. The DMSO concentration was kept below 0.1% when used in cell culture and did not exert any detectable effect on cell growth or death. Cell culture reagents, including RPMI 1640 medium, Dulbecco's modified Eagle's medium (DMEM)/F12, recombinant human basic fibroblast growth factor (bFGF), recombinant human epidermal growth factor (EGF) and B-27 ® Supplement were purchased from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The following monoclonal antibodies were used for western blotting: Anti-c-myc (1:1,000; catalog no., 5605S; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-fibronectin (1:2,000; catalog no., 610077; BD Biosciences, Franklin Lakes, NJ, USA), anti-β-actin (1:1,000; catalog no., 66009-1-1g; Proteintech Group, Chicago, IL, USA) and anti-α-tubulin (1:3,000; catalog no., sc-8035; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). All other chemicals, including bovine serum albumin, protease inhibitor cocktail, PBS and Tween-20, were purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany).
Cell culture. S18 and S26 cells are clones of the human NPC cell line CNE2. A stable radioresistant NPC cell line (Sune2-IR) and its parental cell line (Sune2), and the 5-8F NPC cell line, were supplied by and maintained in the State Key Laboratory of Oncology in South China, Collaborative Innovation Center for Cancer Medicine, Sun Yat-sen University Cancer Center (Guangzhou, China) in RPMI 1640 medium supplemented with 5% fetal bovine serum (FBS) (Invitrogen; Thermo Fisher Scientific, Inc.), penicillin (100 U/ml) and streptomycin (100 U/ml). The NPC cell lines were incubated at 37˚C in 5% CO 2 /95% air.
Nasosphere formation assay. S18 and S26 cells were plated in triplicate at a density of 200 cells per well in ultra-low attachment 6-well plates (Corning Incorporated, Corning, NY, USA), and then cultured in DMEM/F12 with 20 ng/ml recombinant human bFGF, 20 ng/ml recombinant human EGF and B-27 ® Supplement. The spheres were collected after 7 days and counted under a light microscope. Then, we dissociated the primary sphere cells into single-cell suspensions, which were cultured to allow the regeneration of spheres.
SP assay. SP cell analysis and isolation were performed by fluorescence-activated cell sorting (FACS) (Beckman Coulter, Inc., Brea, CA, USA). Before SP cell analysis, cells were pretreated with different concentrations of LK-A for 48 h. Subsequently, the cells were resuspended at a density of 1x10 6 cells/ml in RPMI 1640 supplemented with 2% FBS. Then, cells were incubated with 5 µg/ml Hoechst 33342 (Sigma-Aldrich; Merck Millipore) either alone or with 100 µg/ml verapamil (Sigma-Aldrich; Merck Millipore) at 37˚C in the dark for 90 min. Cells were washed, centrifuged at 1811 x g for 10 min at 4˚C and resuspended in cold PBS. All cells were kept at 4˚C in the dark before FACS analysis using dual wavelength analysis.
MTT cell viability assay. First, 2,000 cells were seeded into 96-well plates, incubated overnight and then treated with various concentrations of LK-A for 48 h. Then, 20 µl of MTT (5 mg/ml) was added to each well, and the plate was incubated at 37˚C for 4 h. Subsequently, the supernatant was carefully removed, and 150 µl/well DMSO was added to dissolve the formazan crystals. The absorbance of the soluble product was measured with a microplate spectrophotometer at 490 nm (µQuant™; Biotek Instruments, Inc., Winooski, VT, USA). This experiment was performed in six replicates and repeated three times. We calculated the percentage of cell viability for each concentration of LK-A by using the following formula: Cell viability (%) = A570 nm (sample) / A570 (control DMSO) x 100. The half maximal inhibitory concentration (IC 50 ) was determined with GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA).
Drug interaction analysis. S18 and S26 cells were counted, plated in triplicate at 2,000 cells per well (200 ml) in 96-well plates, and allowed to grow overnight. For the experiment group, a concentration gradient of cisplatin (DDP; Jiangsu Hansoh Pharmaceutical Group Co., Ltd., Lianyungang, China) was added to the wells. For the combination groups, 1.0 µM LK-A was mixed with a concentration gradient of DDP and then added to the wells. Cell viability was measured 48 h later by adding an MTT solution. The observation value was detected at 490 nm. The results from the assays were analyzed for the combination effect between LK-A and DDP according to the method described by Jin (17) . The following formula was used: Q = Ea + b / [Ea + Eb -(Ea x Eb)], where Ea + b, Ea and Eb are the average effects of the combination treatment, LK-A only and DDP only, respectively (17) . Q<0.85 indicates antagonism, 0.85≤Q<1.15 indicates additivity and Q≥1.15 indicates synergism.
Radiation clonogenic cell survival assay. The NPC cells were seeded into six-well plates with 400 cells per well. Twenty-four hours after plating, LK-A was added at a concentration of 0.4 µM. After 24 -h exposure to LK-A, the Sune2 cells and the radioresistant Sune2-IR cells were irradiated at doses of 0, 1, 2 and 3 Gy. Immediately following irradiation, the cells were incubated for 7 days at 37˚C to allow colony formation in a 5% CO 2 environment. After 10 days, the colonies were washed with PBS, fixed with pure ethanol and stained with 0.5% crystal violet. Colonies containing >50 cells were counted as clonogenic survivors. Each point on the survival curves represents the mean surviving fraction (SF) from at least three dishes. The equation SF=1-(1-e-D⁄ D0 ) N was applied to calculate several parameters, including the cellular radiosensitivity (mean lethal dose, D0), the capacity for sublethal damage repair (quasi-threshold dose, Dq) and the extrapolation number (N). Those parameters were used to calculate the sensitization enhancement ratio (SER) and the SF2 (the SF after irradiation at a dose of 2 Gy).
Western blotting. Cells were seeded into 6-well plates and incubated overnight. Then, the cells were treated with various concentrations of LK-A for 48 h. We used a previously described western blotting method (18) . Briefly, equal amounts of protein were separated by 9% SDS-PAGE and electrophoretically transferred onto polyvinyl difluoridine membranes. Rabbit anti-human c-myc antibody (1:1,000; Cell Signaling Technology, Inc.) and mouse anti-human fibronectin antibody (1:2,000; BD Biosciences) were used to detect the expression of c-myc and fibronectin, and were incubated with the membranes for 12 h at 4˚C. Anti-rabbit immunoglobulin (Ig) G and anti-mouse IgG secondary antibodies were also used, and α-tubulin was used as an internal control. A chemiluminescence substrate and photographic X-ray imaging was used for visualization.
Statistical analysis. Data are presented as the mean ± standard deviation. GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) was used to determine IC 50 , and SigmaPlot v10.0 (Systat Software, Inc., San Jose, CA, USA) was used to construct cell survival curves. Student's t-test was used to compare the means of various groups. P<0.05 was considered to indicate a statistically significant difference.
Results

LK-A inhibits the self-renewal capacity of NPC S18 and S26 cells.
To investigate the effect of LK-A on the self-renewal ability of NPC CSCs, we evaluated the sphere-forming capacity after adding LK-A to S18 and S26 cells growing in serum-free non-adherent medium. The result revealed that interference by LK-A resulted in markedly diminished sphere size and number of spheres in a dose-dependent manner in both S18 and S26 cells (Fig. 1A and B) .
To further investigate the effect of LK-A on second-generation spheres, after spheres formation, we dissociated the sphere cells into single cells, and we cultivated these single cells in serum-free non-adherent culture with various concentrations of LK-A again. The first-generation spheres were capable of generating second-generation spheres, suggesting that NPC sphere-generated cells have the capacity of self-renewal (Fig. 1C) . Meanwhile, we observed that second-generation spheres formed more spheres than primary spheres (Fig. 1B  and D) . These second-generation spheres were observed to have decreased sphere-forming efficiency under treatment with increasing concentrations of LK-A, with smaller sphere size and lower number of spheres (Fig. 1C and D) . These data indicated that LK-A inhibited the self-renewal capacity of NPC cells in a dose-dependent manner.
LK-A decreases the percentage of SP cells in the S18 cell line.
SP cells are one subpopulation of the cancer cells that effluxes (19) . To investigate whether LK-A could impact the percentage of the SP cells in NPC cells, we measured the SP cell percentage of S18 and S26 cells treated with LK-A for 48 h. S18 and S26 are two cell lines originated from CNE2, and S18 has a higher stemness characteristic with a high SP cell proportion, while S26 has a lower stemness characteristic with a lower SP cell proportion (13) . As shown in Fig. 2A and B, both in S18 and S26 cells, SP cells are blocked by verapamil at a final concentration of 100 µg/ml. These results indicated that the percentage of SP cells was ~26-fold higher in S18 cells than in S26 cells (38.23 vs. 1.47%). Upon treatment with LK-A, the percentages of SP cells in S18 and S26 cells were all decreased ( Fig. 2A  and B) . S18 cells showed a 2.93-fold decrease in the SP cell proportion upon addition of 0.5 µM LK-A ( Fig. 2A) . Taken together, these results indicate that LK-A could decrease the percentage of the SP cells in NPC cells.
LK-A potentiates the additivity effect of DDP in NPC cells.
CSCs are believed to be the cause of chemotherapy resistance (6). Chemotherapy is not effective for a large number of patients with NPC. As LK-A could decrease the proportion of SP cells in NPC cells, we attempted to determine whether LK-A could increase the chemotherapy sensitivity to DDP of NPC cells. As shown in Fig. 3A -C, the dose-response curves of DDP with 1 µM LK-A were obviously shifted to the left in NPC cells. The IC 50 value for DDP in the presence of LK-A in S26, S18 and 5-8F cells was significantly reduced (Table I) . According to the method by Jin (17), the Q value was 1.04 in S18 cells, 0.86 in S26 cells and 1.02 in 5-8F cells at the concentration of 6.0 µM LK-A (Fig. 3D ). As shown in Fig. 3E , at a higher concentration of LK-A (8.0 µM), the Q value was 0.97 in S18 cells, 0.91 in S26 cells and 0.87 in 5-8F cells. To the best of our knowledge, Q<0.85 indicates that the combination of two drugs has an effect of antagonism, while a Q value between 0.85 and 1.15 indicates an additivity effect and Q>1.15 means synergism. Therefore, these data suggested that LK-A has an additive effect to that of DDP in the treatment of NPC cells.
LK-A sensitizes NPC cells to radiation and reverses radioresistance in NPC cells.
Despite improvements in radiation technology, local recurrence or metastasis occurs in a high proportion of NPC patients due to radioresistance (20) . According to the experiment results described above, we aimed to investigate whether LK-A could sensitize the radioresistance of NPC cells. The Sune2-IR radioresistant cell line was obtained from Sune2 cells exposed to ionizing radiation (cumulative dose is 28 Gy). Using the clonogenic survival assay, we found a marked reduction in clone formation in Sune2 and Sune2-IR cells after irradiation combined with the intervention of LK-A (Fig. 4A) . Each point on the survival curve represents the mean SF from triplicate experiments (Fig. 4B ). There was a significant difference in SF between parental and radioresistant cells at 1, 2 and 3 Gy of radiation, indicating that the Sune2-IR cells were more radiation resistant than the Sune2 cells. Additionally, LK-A (0.4 µM) shifted the Sune2 and Sune2-IR cell dose survival curves clearly to the left, which indicated the increased radiosensitivity of Sune2 and Sune2-IR cells caused by LK-A treatment (Fig. 4B ). Sune2 and Sune2-IR cells treated with LK-A (0.4 µM) had a SER of 1.16 and 1.14, respectively (Fig. 4C) . The survival curve Table II . All parameters of the LK-A groups were smaller than those of the control groups.
It was reported that silencing fibronectin extra domain A (EDA) enhances radiosensitivity in NPC (21) . Therefore, we performed western blotting to detect the protein expression of fibronectin in the Sune2 and Sune2-IR cell lines. Fig. 5A demonstrates that Sune2-IR cells expressed fibronectin at a higher level than Sune2 cells. These results demonstrated that LK-A could sensitize the radioresistance of NPC cells to irradiation. LK-A, longikaurin A; D0, mean lethal dose; Dq, quasi-threshold dose; SF, surviving fraction; SF2, SF after irradiation at a dose of 2 Gy; N, extrapolation number; SER, sensitization enhancement ratio.
A C B
LK-A downregulates c-myc and fibronectin.
As it is well known that there are not reliable CSC markers in NPC cells (22), we investigated whether LK-A could influence the expression of stem cell markers in NPC cells. The expression of Nanog, sex determining region Y-box 2 and octamer-binding transcription factor 4 could not be detected in the S18 or S26 cell lines. In addition, the expression of the Bmi-1, ATP-binding cassette (ABC) G2 and β-catenin were not downregulated by the interference of LK-A (data not show). However, we could detect that LK-A decreased the expression of c-myc in NPC cells (Fig. 5B) . c-myc is sufficient to impart high self-renewal and tumor-propagating capacities in breast cancer (23) , and overexpression of c-myc increases the stemness of NPC cells (24) . These data indicated that LK-A may influence the stemness of NPC cells by downregulating the expression of c-myc.
As aforementioned, LK-A may sensitize Sune2 cells to radiation and reversed the radioresistance of Sune2-IR cells through influencing fibronectin protein expression. Fibronectin is known to play important roles in angiogenesis, lymphangiogenesis and metastasis in malignant tumors (25) . Therefore, we wondered whether LK-A treatment could downregulate the protein expression of fibronectin in NPC cells. As shown in Fig. 5C , LK-A treatment downregulated the protein expression of fibronectin in a dose-dependent manner. These data indicated that LK-A may impair radioresistance by downregulation of fibronectin.
Discussion
Currently, the main treatments of NPC are radiotherapy and platinum-based chemotherapy (3). However, patients still relapse from primary treatment with radiotherapy or chemo-irradiation, and some NPC patients that are diagnosed at advanced stages fail to react to the treatment and succumb to cancer progression (26) . Therefore, CSCs, which should be responsible for the malignant neoplasm recurrence and metastasis (5), may be a novel therapy target for NPC. In addition, natural products and their derivatives act as new therapy drugs to target the NPC CSCs.
As a natural ent-kaurene diterpenoid, LK-A has been reported to induce apoptosis in multiple myeloma H929 cells, hepatocellular carcinoma cells and NPC cells (15, 16, 27) . However, there are limited studies on the role of LK-A in targeting CSCs. Our recent study revealed that LK-A inhibited the colony formation ability of NPC cells at a low concentration and exhibited anti-tumor activity in CNE2 xenograft tumor models (15) . This may be due to a key role of LK-A in targeting the NPC CSCs. In the present study, in a dose-dependent manner, LK-A reduced the nasosphere formation rate, and decreased the number and volume of the primary spheres. Moreover, the secondary nasosphere formation efficiency of S18 and S26 cells was also impaired following treatment with LK-A (Fig. 1A-D) . To the best of our knowledge, SP cells have numerous stem cell properties, including unlimited proliferation potential, self-renewal, differentiation, resistance to chemotherapy and radiation, and a strong tumor formation ability in vivo (19) . According to Fig. 2A , LK-A could decrease the percentage of the SP cells in the S18 cells. Due to the low numbers of SP cells in S26 cells, we found that LK-A could not increase the percentage of SP cells (Fig. 2B) . Together, these data suggest that LK-A suppressed the stemness of NPC cells in vitro.
In addition to serving as a potential therapeutic for NPC CSCs, our results suggest that LK-A exerts additive effects with DDP on NPC cells (Fig. 3A-E) . Radiotherapy is known as the main standard treatment of NPC. Therefore, we wonder whether LK-A could enhance the efficacy of radiation in NPC cells. The results demonstrated that LK-A treatment not only could sensitize Sune2 cells to radiation, but also reverse the radioresistance of Sune2-IR cells (Fig. 4A-C) .
Previous studies indicated that silencing fibronectin EDA increases radiosensitivity in NPC involving the focal adhesion (20) . According to Fig. 5A , LK-A may enhance the radiation efficacy though downregulation of fibronectin. Moreover, to the best of our knowledge, fibronectin includes three components: EDA, EDB and connecting segment III, an important extracellular matrix glycoprotein in the tumor microenvironment (28) . It has been recently reported that fibronectin can enhance the formation of multi-cellular spheroids in ovarian cancer (29) . Therefore, as expected, the protein expression level of fibronectin decreased, which was induced by LK-A, in NPC cells (Fig. 3B) . However, the mechanism requires to be further investigated.
Previous research about LK-A indicated that LK-A induces G2/M phase arrest via downregulation of S-phase kinase-associated protein 2 (Skp2) and apoptosis induction in hepatocellular carcinoma cells (17) . Recent studies suggest that Skp2 regulates the NPC CSC maintenance (30) . However, Skp2 was not affected in NPC cells treated with LK-A.
Furthermore, we explored the effects of LK-A on stem cell markers. Despite the fact that LK-A treatment decreased the percentage of SP in NPC cells, the expression of ABCG2 protein was not affected (data not show). However, we found that LK-A reduced the expression of c-myc in a dose-dependent manner ( Fig. 5B and C) . Meanwhile, c-myc is one member of the myc oncoprotein family, whose role in the pathogenesis of numerous human neoplastic diseases has received wide empirical support. It is largely believed that c-myc plays an important role in carcinogenesis and tumor progression due to its influence on all basic cellular processes (31). In our study, both S18 and S26 cells overexpressed c-myc. Following treatment with LK-A, the expression of c-myc was clearly downregulated (Fig. 5B) . The self-renewal ability of cells can be verified by spheroid formation assay. Previous studies have indicated that c-myc serves a key role in cooperative actions with p53 and phosphatase and tensin homolog in the regulation of normal and malignant stem/progenitor cell differentiation, self-renewal and tumorigenic potential (32) . Therefore, LK-A may affect the self-renewal ability of NPC cells through c-myc. Moreover, c-myc could promote radioresistance in PKH26+ NPC cells, which are enriched for a stem cell-like subpopulation and are resistant to radiotherapy (24) . Therefore, LK-A enhances radiosensitivity in NPC due to fibronectin and c-myc. However, the mechanism by which LK-A influences the expression of c-myc requires to be further investigated.
In summary, LK-A could target CSCs in NPC cells, and it could enhance the efficacy of chemotherapy drugs and radiotherapy in vitro. However, future studies are required to clarify the mechanisms by which LK-A targets CSCs. Determination of the feasibility of the clinical application of this compound is also important for the treatment of NPC patients.
